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Here we report a new role for the small GTPase RhoC in the control of limb chondrogenesis. Expression of rhoC is a precocious marker of the
zeugopodial and digit blastemas and is induced by treatments with TGFβs preceding the formation of ectopic digits. As development progresses,
expression of rhoC outlines the growing distal tip of the digits, and marks the regions of interphalangeal joint formation. Functional experiments
show that RhoC is a negative regulator of chondrogenesis, which controls digit outgrowth and joint segmentation. These functions appear to be
mediated by reorganization of the actin cytoskeleton and modification of the adhesive properties of the mesenchymal cells.
© 2006 Elsevier Inc. All rights reserved.Keywords: Digit morphogenesis; Chondrogenesis; Limb development; Chick embryo; RhoCIntroduction
The early embryonic limb is a simple structure consisting of a
mass of mesenchymal cells covered by an ectodermal jacket.
Subsequent morphogenesis of the limb is accompanied by
massive rearrangement of the mesenchymal tissue controlled by
local molecular signals according to precise spatial coordinates
(Merino et al., 1999a; Macias et al., 1999; Duprez, 2002; Edom-
Vovard and Delphine Duprez, 2004). In the core of the limb bud
the mesoderm condensates to form the cartilaginous rudiments
of the skeleton. The fate of the mesoderm located dorsally and
ventrally to the skeletal rudiments differs along the proximo-
distal level of the bud. While in the proximal portion of the limb
is invaded by somitic myogenic precursors, cells in the distal
portion undergo specific aggregation to form the autopodial
tendons.
The formation of the skeletal cartilages implicates itself a
complex schedule of additional morphogenetic events. The first
sign of skeletogenesis is the formation of prechondrogenic
aggregates of mesenchymal cells, which are expressing multiple
extracellular matrix components and cell surface molecules for
this purpose (i.e. N-CAM, N-Cadherin, fibronectin, hyaladher-
ins, etc; see Hall and Miyake, 2000). Although aggregated,⁎ Corresponding author. Fax: +34 942 201903.
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doi:10.1016/j.ydbio.2006.11.019initially these cells are morphologically identical to the rest of
the mesenchyme (Erlebacher et al., 1995; Wezeman, 1998).
Lately, prechondrogenic aggregates differentiate into cartilages
through a process involving major changes in cell shape and
orientation, regulation of gene expression, and increased
deposition of cartilage specific extracellular matrix (Gould
et al., 1974; Lefebvre et al., 1998; Ng et al., 1997; Sekiya et al.,
2000; de Crombrugghe et al., 2000; Chimal-Monroy et al.,
2003). Initial cartilaginous rudiments are segmented into
individual skeletal cartilages by down-regulation of chondro-
genic genes and positive regulation of new genes at the
prospective joint regions (Fell and Canti, 1934; Buxton et al.,
2001). An additional step in the differentiation of cartilages is
the formation of the perichondrium, which controls the
extension of differentiation (Vortkamp, 2001).
Rho GTPases are major regulators of cell rearrangements in
developing tissues mediated by growth factors and cell adhesion
molecules (Jaffe and Hall, 2005). Higher vertebrates have 3 Rho
isoforms, RhoA, RhoB and RhoC sharing 85% amino-acid
sequence identity and they are involved in multiple processes, as
organization of the cytoskeletal components, cell division or
intracellular trafficking (Etienne-Manneville, 2004; Jaffe and
Hall, 2005; Watanabe et al., 2005). To date, there are no reports
about a possible role for these molecules in limb development,
although RhoA has been implicated in chondrogenesis in vitro
(Woods et al., 2005).
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domains in regions undergoing major cell rearrangement
processes in the developing limb autopod, including the
prechondrogenic aggregates, the developing interphalangeal
joints and the developing tendons. Functional experiments
indicate that RhoC is a regulator of mesenchymal cell shape and
adhesiveness, acting as a modulator of digit morphogenesis and
joint formation.Materials and methods
Animal models
In this work we have employed Rhode Island chick embryos ranging from
stages HH14 to HH35 (Hamburger and Hamilton, 1951).
Generation of RhoC and N19rhoC constructs
The chicken coding cDNA sequence for rhoC was obtained by RT-PCR
from RNA extracts of HH25 autopods. The following primers were designed to
include the most 5′ and most 3′ of the c-rhoC ORF:
5′ primer, 5′-CGTGCCGGAGAGAGTGATGG-3′
3′ primer, 5′-CGACGGGCGACGACACTC-3′.
For generation of the dominant-negative form N19rhoC (see Wheeler and
Ridley, 2004) by sequential PCR steps, we combined these primers with the
following (modification to exchange T for N in the position 19 of the amino-
acidic sequence are black-outlined):
5′ primer, 5′ CGGGAAGAATTGCCTGCTGATC 3′
3′ primer, 5′GATCAGCAGGCAATTCTTCCCG 3′.
PCR products were cloned into pGEM-T (Promega) and the authenticity of
the fragments was confirmed by dideoxy sequencing. Both, rhoC and N19rhoC
were sub-cloned into the expression vector PCLGFPA (Scaal et al., 2004) and
into the retrovirus vector RCAS-BP(A) (Morgan and Fekete, 1996) for
functional studies.
Limb mesenchymal cells cultures and transfection
Cultures from mesodermal cells of the progress zone of HH25 leg bud
were set in fibronectin-coated glass substrate. Cells were enzymatically
dissociated, plated and cultured in serum free medium (DMEM). In some
cases FITC-phalloidin staining or RhoC antibody staining (Santa Cruz
Biotechnology) were performed in the cultures. Transfections were
performed with PCLGFPA-rhoC or PCLGFPA-N19rhoC by using
FuGENE-6 (Roche). Transfectants were analyzed after 24 h by using
rhodamin–phalloidin (Sigma) staining and Paxillin (BD transduction
laboratories) or phosphoY576 FAK (Abcam) antibody staining. The staining
procedure was as described in Chimal-Monroy and Diaz de Leon (1999).
Images were taken in a Zeiss LSM510 Meta confocal microscope. Confocal
images showed here are representative of at least 10 independent experiments.
Each experiment consisted on a set of 10 cultures analyzing 10 transfected cells
per each culture.
Retroviral constructs and infection
Replication-competent RCAS-BP(A)-rhoC or RCAS-BP(A)-N19rhoC
viruses were grown and concentrated by standard procedures (Morgan and
Fekete, 1996). Infections were performed in ovo by virus injection at stage
HH14–HH16 into the limb field of lateral plate mesoderm. Embryos were
incubated for up to 8.5 days and processed. Viral infectivity was assessed 72 h
after the infection by whole-mount in situ hybridization with rhoC probes.Electroporation
Electroporation was performed at 18 V with 10 pulses of 50 ms after
injection into the progress zone of HH25 autopods of pCLGFPA (8 μg/μl),
RhoC-pCLGFPA (8 μg/μl) or N19RhoC-pCLGFPA (8 μg/μl) plasmids in a
solution of 0.33% carboxymethylcellulose (Sigma) and 1% fast green (Sigma).
Data shown here is representative of at least 10 different experiments.
Limb sectioning, in vivo and in vitro chondrogenesis, in situ
hybridization and scanning electron microscopy
Longitudinal and transversal 75 μm thick vibrotome sections were taken
from 4% PFA fixed autopods for in situ hybridization analysis. Chondrogenesis
either in vivo or in vitro, in situ hybridization and Scanning electron microscopy
were performed as described in Montero et al. (2001).
Results
RhoC is expressed in the developing digits, joints and tendons
We have analyzed rhoA, rhoB and rhoC expression in the
developing limb. Prior to stage HH25 transcripts of all three Rho
isoforms are detected at low levels through the limb mesench-
yme (not shown). However from stage HH25 specific domains
of expression were observed for rhoC marking the zeugopodial
cartilaginous condensations at the level of the epiphysis (not
shown) and the digit rudiments of the developing autopod (Fig.
1A). Expression in the digits follows, a posterior–anterior
sequence in a similar fashion to other precocious markers of digit
development (Merino et al., 1999b). As development proceeds,
transcripts are located around the distal tip of the growing digits
(Figs. 1B–D). From stage HH29 rhoC expression is also
observed in the developing interphalangeal joints and in the
surface of the tendon blastemas (Figs. 1C–D).
From the expression pattern described above it is unclear
whether rhoC expression in the tip of the developing digits
corresponds to prechondrogenic or tendinous mesenchyme,
since at this stage both tissues are developing in close interaction
at these places. For that reason we have further characterized the
expression of rhoC in correlation with that of scleraxis and
sox9, which are well known tendinous and chondrogenic tissue
markers respectively in the developing autopod (Schweitzer et
al., 2001; Chimal-Monroy et al., 2003). In longitudinal views of
the autopod differences in their pattern of expression are not
clearly appreciated although the domain of rhoC extends more
distally than that of scleraxis (Figs. 2A–C). However, tran-
sversal autopodial sections clearly manifested that the three
genes exhibit different patterns of expression. As previously
described sox9 and scleraxis are specific markers for chondro-
genic and tendinous aggregates respectively, while rhoC marks
a specific subset of cells of the chondrogenic mesenchyme.
Thus, in the very tip of the digit rudiments scleraxis domain are
absent and rhoC is expressed in a similar fashion than sox9
(Figs. 2D–F). However only a few cell diameters proximally
along the digit, rhoC expression becomes restricted to the
surface of the cartilage blastema (Figs. 2G–H). This pattern of
expression is maintained along the different proximal levels of
the digit rudiments, and its expression is never coincident with
the tendinous domains positive for scleraxis (Figs. 2J–O).
Fig. 2. RhoC expression is restricted to the surface of the digit cartilage. (A–C) Longitudinal sections of HH28 limb autopods showing the pattern of expression of
sox9 (A), rhoC (B) and scleraxis (C) focusing on the distal posterior half. (D–O) Transversal serial sections from stage 28 autopods from distal (D–F) to more
proximal regions (G–I, J–L and M–O progresively) of the limb, showing the pattern of expression of sox9 (D, G, J, and M), rhoC (E, H, K, and N) and scleraxis (F, I,
L and O). Note that the expression of rhoC correlated with the distal mesenchyme of the digit and the surface of the cartilaginous condensation positive for rhoC and is
not coincident with the expression of scleraxis.
Fig. 1. RhoC is expressed in the developing autopod of chicken embryos and is regulated by TGFβ1. (A–D) In situ hybridization for rhoC of developing autopods at
HH26 (A), HH27 (B), HH29 (C) and HH31 (D). (E–F) rhoC up-regulation 8 (E) and 16 (F) hours after TGFβ1 soaked bead implantation in the 3rd interdigital
mesenchyme. (G) rhoC down-regulation 12 h after implantation of a BMP7 soaked bead at the tip of the digit III. (H–I) Ectopic alterations 3 days after TGFβ1 (H) or
BMP7 (I) soaked bead implantation.
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rhoC becomes expressed in the core of the developing digit in
correlation with the down-regulation of sox9, which precedes
the differentiation of the joints (compare digit III in Figs. 2J and
K pointed by an arrow).
On the basis of the specific and precocious expression of
rhoC in developing digits we next explored its regulation by
factors responsible for digit formation as TGFβs or BMPs.
TGFβ1 induces the formation of an ectopic digit when appliedFig. 3. RhoC controls cellular morphology in vivo in the developing autopod. (A–F)
cells in the developing autopod. (A–B) Parasaggital section at the level of digit III (A)
examine cell morphologies. Panel C is a detailed view of the region pointed by an ar
interdigital tissue. Panel D corresponds to cells at the very tip of the digit (arrow in p
proximal levels of the digit rudiment (arrowhead in panel A). Panel F shows the interp
sections by the elongated shape of the cells in contrast with the rest of the cartil
electroporation with PCLGFPA (G), PCLGFPA-rhoC (H) or PCLGFPA-N19rhoC (I).
cells within the autopod in panel H. (N–O) Representative cells within the autopod ininto the interdigital mesenchyme (Fig. 1H; see also Chimal-
Monroy et al., 2003). Preceding digit formation we found an
ectopic domain of rhoC only 6 h after the treatment and
interestingly, shortly after 8 h appeared at some distance around
the bead (Fig. 1E), likely outlining the condensing mesenchyme
committed to chondrogenic differentiation. By 16 h after the
treatment, the ectopic expression of rhoC is localized into the
distal mesenchyme of the ectopic growing digit, as observed for
normal digits (Fig. 1F). Local administration of BMP-7 beads atScanning electron micrographs showing cellular morphologies of mesenchymal
and the second interdigital region (B) respectively of an HH31 autopod, order to
row in panel B that shows the characteristic stellated morphology of cells of the
anel A) showing the abundance of elongated cells. Panel E corresponds to more
halanxeal joint region (flanked by arrows) that is clearly distinguishable in these
aginous digit tissue. (G–O) Detailed view of developing autopods 32 h after
(J–K) Representative cells within the autopod in panel G. (L–M) Representative
panel I. Note changes of morphology induced by rhoC or N19rhoC expression.
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and induces dramatic lateral overgrowth of the phalanxes but at
the same time inhibits distal outgrowth (Fig. 1I; see also Macias
et al., 1997). We found that this effect is preceded by down-
regulation of rhoC expression (Fig. 1G).
RhoC controls limb mesenchymal cells morphology
Scanning electron microscopy analysis of sections through
the developing autopod (see Figs. 3A–B) revealed differences
in cell morphology correlated with the pattern of rhoC gene
expression. While interdigital mesenchyme or non-digital
mesenchymal cells exhibit stellated morphology (Fig. 3C),
cells at the tip of the developing digits, which as shown are
expressing high levels of rhoC, displayed a characteristic
elongated phenotype (Fig. 3D). In contrast, at more proximal
regions of digit condensations, cells appeared tightly packed
displaying the typical rounded or polygonal shape of differ-
entiating chondrocytes (Fig. 3E). However, at the level of the
developing interphalangeal joints, which also express rhoC (see
Fig. 1D and arrow in Fig. 2K), cells become again polarized
displaying a characteristic elongated appearance (Fig. 3F).Fig. 4. RhoC expression correlates with chondrogenesis and cellular morphology cha
days after plating mesenchymal cells from the progress zone of HH25 limbs. (C–F) R
Panels D and F are detailed views of panels C and E respectively. Note the perinodu
cultures (I–J). Panels H and J are detailed views of panels G and I showing the uniform
Phalloidin-FITC staining of the cultures at day 5 showing the different cell morpholo
rounded cell phenotypes with membrane accumulation of actin. Panel L is a detailed
Asterisk in the panel indicate the core of the chondrogenic nodules within the cultuIn order to check the possible function of RhoC controlling
those differences, we performed functional experiments in
undifferentiated mesenchymal cells of the developing autopod,
by electroporation of the rhoC-PCLGFPA or the dominant
negative N19rhoC-PCLGFPA constructs. We found that in
comparison with only GFP expressing cells (Figs. 3G and J–K),
RhoC expressing cells adopted an exacerbated elongated and
protrusive phenotype (Figs. 3H and L–M). In turn, N19RhoC
expressing cells displayed rounder and less protrusive pheno-
types with a clear tendency to lose typical fibroblast-like
morphology (Figs. 3I and N–O). These results show that rhoC
expression can modulate the morphology of undifferentiated
limb mesenchymal cells.
We have further analyzed the expression of rhoC in cell
cultures that were set from mesenchymal cells obtained from the
progress zone of stage HH25 autopods. At this stage the
progress zone is contributing to the formation of the digits, and
when these cells are cultured at high-density conditions
(micromass cultures) they differentiate into cartilage. After
3 days of culture some small chondrogenic spots are detected
(Fig. 4A) and by day 5 well-differentiated cartilaginous nodules
are formed (Fig. 4B). By in situ hybridization transcripts ofnges in vitro. (A–B) Alcian blue staining of micromass cultures 3 (A) and 5 (B)
hoC transcripts expression in culture 36 (C–D) and 72 (E–F) hours after culture.
lar pattern in panel F. (G–J) Antibody staining for RhoC in 2 (G–H) and 5 days
(H) versus the perinodular (J) labeling patterns observed in these stages. (K–L)
gies within the culture. Panel K illustrates a chondrogenic node characterized by
view of the perinodular region showing elongated cells rich in actin stress fibers.
re.
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culture, preceding the presence of cartilaginous tissue (Figs.
4C–D). After 72 h of culture rhoC expression increased
considerably but transcripts become concentrated in the surface
of the chondrogenic nodules (Figs. 4E–F). The same was
confirmed at protein level by using an antibody against rhoC. In
consistency with the gene expression pattern an initial spotted
staining of the culture (Figs. 4G–H) precedes a characteristic
perinodular immunolabeling surrounding the chondrogenic
nodules (Figs. 4I–J). Moreover, this pattern of RhoC expression
also correlated with differences in cell morphologies. Cells are
rounded in the core of the chondrogenic aggregates (Fig. 4K),
while cells are strongly protrusive an elongated in the
perinodular areas (Fig. 4L).Fig. 5. RhoC controls actin cytoskeleton and focal adhesion complex organization in
labeled for actin (red in A–C′) and Paxillin (red in D–F′). Transfectants cells for PCL
are seen in green due to GFP expression. Panels A′–D′ show only red channel fromTo further characterize the role of RhoC in controlling cell
morphology, we studied its influence on cytoskeletal rearrange-
ments. For this purpose, we transfected cells of micromass
cultures with either rhoC-PCLGFPA or N19rhoC-PCLGFPA or
simply PCLGFPA and analyzed the organization of the actin
cytoskeleton. We analyzed the cell phenotype 24 h after
transfection when the basal expression of rhoC is homogeneous
over the culture and not different types of cell morphologies are
yet detected. We never found alterations (0% of the analyzed
cases) in the distribution of the actin fibers when only the GFP
construct was transfected (Figs. 5A–A′). By over-expressing
rhoC we found in the 89±3% of the analyzed cells that actin-
based cytoskeleton was modified with a dramatic promotion of
stress fiber formation and generation of a protrusive phenotypeundifferentiated limb mesenchymal cells. (A–F′) Limb mesenchymal cultures
GFPA (A and D), PCLGFPA-rhoC (B and E) or PCLGFPA-N19rhoC (C and F)
images in panels A–D respectively. Scale bar=10 μm.
331J.A. Montero et al. / Developmental Biology 303 (2007) 325–335respect to the control situation (Figs. 5B–B′, compare with GFP-
transfected control in A–A′). Expression of N19rhoC induced a
rather rounded cell phenotype accompanied by poor or defective
fibrilar actin-based cytoskeletal organization in the 73±4% of
the analyzed cells (Figs. 5C–C′). Adhesive complexes are
tightly associated to cytoskeleton, for what we analyzed the
possible influence of rhoC expression on the formation of cell
matrix adhesive complexes. For this purpose we first explored
the cellular distribution of Paxillin, a focal adhesion complex
associated protein, involved in the anchorage of the complex to
the actin cytoskeleton (Brown and Turner, 2004). Again only
GFP expression did not change the typical distribution of
Paxillin (0% of cells; Figs. 2D–D′). We found that rhoC
expression strongly promoted the formation of focal adhesion
complexes as indicated by Paxillin recruitment (85±4% of cells;
Figs. 5E–E′, compare with control-GFP transfected cells in 5D–
D'). Importantly, N19rhoC over-expression caused lost and
defective focal adhesion complexes, accompanied by increased
diffuse cytoplasmic Paxillin labeling (Figs. 5F–F′; 70±5% of
cells) in comparison with control GFP-transfected cells (Figs.
5D–D′).
Next we checked whether the influence of RhoC in the
structural organization of focal adhesion complexes, is indeed
translated in a regulation of the adhesive pathway. Phosphorila-
tion and activation of the non-receptor tyrosine kinase known as
focal adhesion kinase (FAK) is tightly associated to cell
adhesion to the extracellular matrix through integrin receptors.
FAK's regulation by adhesion makes it a key component on the
control of cellular events that are dependent on cell adhesion
(Parson, 2003). Thus, we studied the state of activation of FAK
in correlation with RhoC activity, by detecting the active
phosphorilated form pY576-FAK (pFAK). As expected,
expression of GFP protein did not affect the staining of pFAK
(0% of the analyzed cases; Figs. 6A–A′). However, in
consistence with the differences in Paxillin distribution, we
have observed an intense increase in pFAK in cells over-Fig. 6. RhoC regulates the activation of the cell matrix adhesion dependent pathway m
Transfectants cells for PCLGFPA (A), PCLGFPA-rhoC (B) or PCLGFPA-N19rhoC (
from images in panels A–C respectively. Scale bar=10 μm.expressing rhoC (Figs. 6B–B′; 88±3%) in comparison with
cells transfected with the dominant negative form N19rhoC,
which displayed poor pFAK staining (Figs. 6C–C′; 78±6% of
cells). Together all these findings indicate that RhoC function is
necessary not only for proper organization of cytoskeletal
components, but also for proper adhesion to the extracellular
matrix and activation of the adhesive pathway.
RhoC modulates digit outgrowth and limb chondrogenesis
To analyze the possible role of RhoC in limb morphogen-
esis, functional experiments were performed using replication
competent retroviral vectors. Induced overexpression of rhoC
caused high mortality (54%) most likely due to major defects of
neural tube closure (not shown), a phenotype also observed in
Xenopus for the expression of rho constructs (Tahinci and
Symes, 2003). However survivors with the infection restricted
to the limb (14 out of 35), showed severe autopodial defects,
characterized by the absence of one or more digits (Fig. 7A). In
the most dramatic phenotypes (9 out of 14), the tibia was also
absent or thinner than in controls (Fig. 7A). Interestingly over-
expression of N19rhoC generated complementary phenotypes
characterized by increased chondrogenesis (19 out of 34).
Alterations were present in the zeugopod (10 out of 19) and
autopod (17 out of 19). In the zeugopod we found thickening of
the skeletal elements and ectopic cartilages, in most cases
located between the fibula and the tibia (Fig. 7B), although
elongated digit-like cartilages protruding in the surface, were
occasionally observed (Fig. 7D). Alterations in the autopod
were also characterized by excessive chondrogenesis, and the
phenotypes consisted in combinations of the following
alterations (Fig. 7D): 1) digit 1 longer than normal with a
very long metatarsal cartilage; 2) lateral or distal fusions of
metatarsal or phalanxes; and 3) absence of interphalangeal
joints. Associated with these alterations, soft tissue syndactyly
was frequently observed (Fig. 7C).ember FAK. (A–C′) Limb mesenchymal cultures labeled for pY576 FAK (red).
C) are seen in green due to GFP expression. Panels A′–C′ show only red channel
Fig. 7. RhoC controls digit morphogenesis. (A) Control (left) and rhoC over-expressing (right) limbs showing the absence of digits and tibia in the experimental limb.
(B) Detailed view of zeugopodial skeleton of control (down) and N19rhoC over-expressing limb (up) showing increased chondrogenesis and shortening of the skeletal
elements. (C) Scanning micrographs of control (left) and N19rhoC over-expressing (right) autopods showing digital alterations and presence of syndactyly. (D)
Detailed view of the autopod of a control (left) and N19rhoC over-expressing (right) limb. Note the presence of an extremely long digit 1(arrowhead), distal fusion of
digits 2 and 3 (asterisk), and defects in joints formation (arrow). (E) N19rhoC overexpressing (right) and contralateral (left) limbs showing the ectopic expansion of the
sox9 domain in the experimental autopod 3 days after infection. (F) N19rhoC overexpressing (right) and contralateral (left) limbs showing ectopic domains of sox9
expression in the experimental autopod 7 days after infection. (G) Detailed view of digits from N19rhoC overexpressing (right) and contralateral (left) limbs showing
lost of gdf5 expression in the interphalangeal joints in the experimental autopod.
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chondrogenic response of the mesenchyme, we have further
analyzed the influence of RhoC in the chondrogenic pathway.
Sox9 is the earliest marker of chondrogenic differentiation in
the developing digital mesenchyme. As shown in Fig. 7E in
dominant negative RhoC experiments, limbs displayed
expanded domains of sox9 in the digital domains that even
fused between them at stage HH25 of development (3 days after
infection). It was also frequently observed the presence of
ectopic interdigital domains of sox9 that could well correlate
with the distal overgrowth of the digits (Fig. 7F). In
concordance RhoC overexpression experiments, inhibited the
digital domains of expression of sox9 as early as 3 days after
infection (not shown). Similar changes in sox9 expression were
also appreciated at zeugopodial level in embryos displaying
phenotypes in this limb segment (data not shown).
To investigate molecular mechanisms accounting for
inhibition of joint formation following blockage of rhoC we
studied the expression of growth and differentiation factor 5(gdf5). GDF5 is a member of the BMP family involved in
joint formation (Merino et al., 1999c). In consistency with the
missing joint phenotypes, gdf5 was severely downregulated
in the joint domains of limbs overexpressing N19rhoC
(Fig. 7G).
Discussion
In this work we found that rhoC is expressed in the
developing cartilaginous elements and joints of the developing
limb, which suggests that rhoC may play a general role
controlling chondrogenesis as suggested in vitro for rhoA
(Woods et al., 2005). Here, we have mainly focused in digit
morphogenesis and we show that rhoC is a precocious and
transitory marker of digit rudiments, being also expressed in the
joint forming regions and later in the condensing autopodial
tendons. In accordance with its pattern of expression we
observed that rhoC is induced by TGFβs, which promote the
formation of cartilage aggregates (Ganan et al., 1996) and
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differentiation and growth (Macias et al., 1997). Furthermore,
the expression of rhoC is only preceded by sox genes (sox 8, 9
and 10) while other cartilage markers appear later, according to
the temporal sequence of gene expression reported during the
formation of digit cartilages (Chimal-Monroy et al., 2003).
Together all these facts indicate that rhoC is functionally
implicated at most initial stages of digit chondrogenesis. While
expression in the digit aggregates is very remarkable transcripts
of rhoC are also associated with the developing zeugopodial
skeleton suggesting that this GTPase has a general function in
chondrogenesis, which for reasons that will be discussed below,
is of major importance during the formation of the digits.
Both descriptive and functional approaches performed in this
study indicate that at cellular level RhoC promotes elongated
cell phenotypes and major changes in cytoskeleton and cell–
matrix adhesion. Previous studies in a variety of cell lines have
demonstrated the role of RhoC in the control of cell shape and
cytoskeletal rearrangement associated with cell motility (Clark
et al., 2000). A similar effect to that of RhoC has been also
observed for RhoA (Jaffe and Hall, 2005). Here we show that in
limb mesenchymal cells changes in cytoskeleton are also
associated with modifications in the cell–matrix adhesion.
The precocious expression of rhoC in prechondrogenic cells
in vivo and in vitro, and the precise presence of rhoC domains
surrounding the growing cartilages (see Figs. 2 and 4) is
suggestive of a double function of RhoC in chondrogenesis; on
the one hand, it could regulate the prechondrogenic aggregation
process; on the other hand, RhoC could act also as a barrier to
limit chondrogenic differentiation.
It has been proposed that formation of the skeleton involves
an initial process of cell aggregation to establish the core of the
future cartilage. The cellular effects of RhoC described above
and its expression in vivo and in vitro in prechondrogenic cells
points to this GTPase as a factor controlling cell rearrangements
implicated in the establishment of the prechondrogenic
aggregates. In this regard, promotion of cell migration is a
role that has been also attributed to RhoC in tumor cell lines
(Clark et al., 2000) and polarized cell migration toward a
common core is one of the hypotheses proposed to explain
prechondrogenic cell aggregation (Hall and Miyake, 2000).
However, to understand the phenotypes observed in our
functional approaches for RhoC, it must be taken into account
that initiation of differentiation in the aggregated cells requires
opposite cell shape phenotype. Hence, it is well known that
changes in cell morphology and polarization (Gould et al.,
1974; Ede and Wilby, 1981) are major features required for
chondrocyte differentiation. While chondrogenic precursors
display a fibroblast-like morphology chondrocytes are much
rounder (von der Mark et al., 1977; von der Mark and von der
Mark, 1977; Benya et al., 1978; Dessau et al., 1981; Glowacki
et al., 1983). Actin cytoskeleton seems to be important for these
changes (Daniels and Solursh, 1991; Kim et al., 2003) and
inhibition of actin polymerization by cytochalasin D promotes
chondrogenic differentiation (Zanetti and Solursh, 1984; Loty et
al., 1995; Lim et al., 2003). Since rounded cell morphology
accompanied by membrane actin accumulation and lost of stressfiber is required for chondrogenesis to occur, it may explain
why rhoC gain of function experiments, in spite of its potential
positive effect on cell aggregation, led to loss of cartilages into
the developing limb. In consistency with this interpretation, we
show that over-expression of rhoC promotes protruding cell
phenotypes opposite to the rounded morphologies permissive
for chondrogenesis. Furthermore when RhoC function is
impaired, ectopic chondrogenesis is exacerbated.
As mentioned above, full-length overexpression and domi-
nant negative experiments emphasize a negative role of RhoC in
chondrogenesis. In this regard, we have observed that
expression of rhoC establishes a borderline around the domain
of sox9 expression. Indeed, taking into account that maintained
expression of rhoC in gain-of-function experiments caused
skeletal deficiencies, while over-expression of dominant
negative rhoC induced the formation of wider, longer, fused,
or even ectopic, cartilages, our findings suggest that once
established the initial mesenchymal aggregate, RhoC is a
chondrogenic inhibitor. The absence of phenotype in mouse
deficient for RhoC (Hakem et al., 2005) suggests that other
Rho-family members may substitute RhoC, most likely RhoA
since they share functions and downstream targets (Wheeler and
Ridley, 2004; Woods et al., 2005).
The presence of severe digit alterations, including digit
fusion, is a constant phenotype of mice with extracellular matrix
or integrin deficiencies (Miner et al., 1998; Arteaga-Solis et al.,
2001; Chaudhry et al., 2001; De Arcangelis et al., 2001).
Indeed, differentiating cartilages have specific patterns of
extracellular matrix, and digit and interdigital mesenchyme
exhibit spatial and compositional differences in extracellular
matrix (Hurle and Colombatti, 1996; Hurle et al., 1994). Taking
into account that over-expression of rhoC causes a dramatic
increase in focal adhesions and activation of the adhesive
pathway, it is likely that the proposed anti-chondrogenic
influence of RhoC might be also associated with changes in
cell–matrix adhesion. All those findings suggest that prior to the
appearance of the perichondrium, digit condensations are
outlined by a borderline of cells with specific patterns of
shape and adhesion, which are interdependent and modulate
digit outgrowth avoiding fusion with neighboring digits. Such
mechanism of cell adhesiveness–shape barrier has been
formerly proposed for chondrogenesis in vivo (Solursh et al.,
1990; Daniels and Solursh, 1991). This effect may be
particularly important for the development of the autopod due
to the spatial proximity of digit cartilage rudiments. In this
regard, it is remarkable that interdigital ectopic digits that also
are encompassed by a domain of rhoC expression, almost
always are independent from their neighbor digits (Ganan et al.,
1996).
We have also shown that rhoC is expressed into the
developing joints. Importantly chondrogenic differentiation
has to be inhibited in the interphalangeal regions and specific
factors such as GDF5, need to be expressed in the developing
joints (Francis-West et al., 1999). Importantly here we show that
RhoC is a restrictive factor for chondrogenesis and that gdf5
requires RhoC to be expressed. In addition, we show that cells at
the level of the developing joints also acquire elongated
334 J.A. Montero et al. / Developmental Biology 303 (2007) 325–335morphologies in contrast to the rest of the cartilaginous
rudiment of the digit. Thus, all these findings point to RhoC
as a relevant factor in joint morphogenesis.
In conclusion our study reveals RhoC as a regulator of the
earliest stages of chondrogenic differentiation and growth. We
have found also that rhoC is additionally expressed in the
tendinous rudiments of the autopod from stages HH29–30. The
possible function of these tendinous domains of rhoC remains
to be elucidated. However the specific expression in the
peritendon cells suggests a role in the maintenance of the
tendinous aggregates and/or, an implication in the anchorage of
the tendons into the cartilage.
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